A procedure is described for isolating and purifying mesophyll protoplasts and bundle sheath protoplasts of the C4 plant Panicum milaceum. Following enzymic digestion of leaf tissue, nesophyll protoplasts and bundle sheath protoplasts are released and purified by density centrifugati The lower density of mesophyll protoplasts aflowed rapid separation of the two protoplast types. Evidence In the present study, procedures for isolating mesophyll and bundle sheath protoplasts of Panicum miliaceum were developed and the quality of chloroplasts isolated from protoplasts was evaluated.
MgC2 in media for osmotically shocking the chloroplasts in order to obtain maximum and linear rates of ferricyanide-dependent 02 evolution.
Chloroplasts isolated from mesophyll protoplast preparations had low rates of Light-dependent 02 evolution in the presence of 10 millimolar NaHCO3 (0. Protoplast Purification. I. The protoplast types were easy to recognize by light microscopy (see under "Results") which aided in developing procedures for their separation. The BSP are generally larger and have a higher density than MP. Initially, the crude protoplast pellet was resuspended in four tubes (15 x 100 mm) each containing 4 ml of 0.5 M sucrose, I mm CaCl2, 5 mM Hepes-KOH (pH 7.0). This was overlaid by 2 ml of the sorbitol medium. After centrifugation for 5 min at 300g, the MP partitioned at the interphase between the layer of sucrose and sorbitol. The BSP sedimented to the bottom of the tubes and these were resuspended in a medium containing 0.5 M sucrose, I mm CaCl2, 5 mM Hepes-KOH (pH 7.0), and 9.1% dextran T40 (I g dextran T40/10 ml). This mixture was overlaid with 2 ml of the sorbitol medium and, after centrifugation at 300g for 5 min, the BSP collected at the interphase between the layer of sucrose-dextran T4o and sorbitol. The MP were washed once and resuspended in the sorbitol medium. The BSP fraction contained some very small, dense MP (assays of levels of PEP carboxylase verified that these were MP). These MP were partially removed by suspending the BSP preparation in 0.5 M sucrose, 1 mm CaC12, 5 mm Hepes-KOH (pH 7.0), and centrifuging at 200g for 5 min. The pellet was then resuspended in the sorbitol medium. This procedure for purification resulted in MP preparations which were about 95% pure and BSP preparations about 80%o pure based on cross-contamination as indicated by photosynthetic marker enzymes of the protoplast types.
Protoplast Purification. II. A modification of the first purification procedure in the latter part of the study resulted in an increased purity of the BSP preparation up to approximately 95%. In this method the crude protoplast pellet was resuspended in 0.5 M sucrose, 5 mM Hepes-KOH (pH 7.0), and 1 mrm CaCl2 with 13% dextran T40 (1.5 g/10 ml). Four ml of this suspension were added to each of four tubes. Two ml layers of 0.5 M sucrose, 5 mM Hepes-KOH (pH 7.0), and 10.7% dextran T40 (1.2 g dextran T40/10 ml) and then 2 ml of the sorbitol medium were added on top of these solutions. After centrifugation at 300g for 5 min, a mixture of MP and BSP appeared at the upper interphase (between the sorbitol layer and sucrose-dextran layer). The bands of protoplasts were collected with a Pasteur pipette and brought to a volume of 8 ml with the sorbitol medium. Four ml of this protoplast suspension were layered into two tubes over 10 ml of 0.4 M sucrose, 0.1 M sorbitol, 5 mm Hepes-KOH (pH 7.0), and 1 mM CaCl2 and centrifuged for 2 min at 300g. The supernatant contained MP and the pellet was an enriched preparation of BSP. The MP from the supernatant fraction were diluted with an equal volume of the sorbitol medium and centrifuged at 300g for 2 min. The pellet was resuspended in the sorbitol medium and taken as the MP purification.
The BSP pellet was resuspended in 4 ml of sorbitol medium and the purification repeated by layering on top of 10 ml of the medium containing 0.4 M sucrose and 0.1 M sorbitol (described above) and centrifuging at 300g for 1 min. The pellet was then taken as the BSP preparation. This purification procedure takes advantage of both size and density differences between the protoplast types and tends to eliminate any smaller and relatively dense MP from contaminating the BSP fraction. In either purification procedure from about 10 g of leaf tissue, the yield of MP on a Chl basis was 600 to 1,000,ug and that of BSP about 200 to 400 ,Lg. Since there is about 1.8 mg Chl/g leaf tissue, the total yield of protoplasts from the leaf is roughly 5%. The remaining Chl is in undigested bundle sheath strands and broken protoplasts. After isolation, the protoplasts were stored at 0 C. Light Microscopy. Protoplasts were fixed in 3% glutaraldehyde with 25 mm Hepes buffer (pH 7.0), and 0.3 M sorbitol followed by 2% OS04 in 25 mm phosphate buffer. Samples were then washed four times with the phosphate buffer and photographed, in buffer, with the light microscope using Kodak Panatomic X film.
Isolation of Chloroplasts from Protoplasts. Aliquots from the protoplast preparations were centrifuged and resuspended in an appropriate medium (see under "Results") for chloroplast isolation. Protoplasts equivalent to 100 to 200 ,ig Chl in 0.4 to 0.8 ml of isolation media were broken by several passages through a 20- ,um nylon mesh as previously described (5, 22) . With less concentrated suspensions, it becomes difficult to break all of the protoplasts. Chloroplasts were then isolated by centrifugation at 300g for 90s. The resuspended pellet, which contained essentially all of the Chl of the protoplasts extract, was used for determining percentage intactness of chloroplasts according to the ferricyanide test and for measuring substrate-dependent 02 evolution.
Enzyme Assays. Cross-contamination in the preparation of mesophyll and bundle sheath protoplasts was routinely checked by osmotically shocking samples of the protoplasts and assaying marker enzymes (PEP carboxylase, pyruvate, Pi dikinase for mesophyll and RuBP carboxylase for bundle sheath) in the total protoplast extract. Pyruvate, Pi dikinase (for mesophyll chloroplasts) and RuBP carboxylase (for bundle sheath chloroplasts) were also used to evaluate the degree of purity and intactness of chloroplasts isolated from protoplasts. The activity of a bundle sheath marker enzyme in MP preparations divided by the activity of the enzyme in pure bundle sheath cells times 100 would give the percentage contamination. Likewise, measurement of a marker enzyme for mesophyll cells would provide an estimate of MP contamination of BSP. With activity expressed per unit Chl, this wil then give the percentage contamination on a Chl basis. Since the activity of marker enzymes in completely pure cells was unknown, the degree of purity was estimated as follows: % Contamination of mesophyll protoplasts = (100) (B) where A and B equal the activity of the bundle sheath marker enzyme in the mesophyll and bundle sheath protoplast preparation, respectively. % Contamination of bundle sheath protoplast preparation = (C) (100) where C and D equal the activity of the marker enzyme for mesophyll cells in the BSP and MP preparation, respectively. This is a satisfactory method when the preparations are relatively pure.
The error is negligible when the respective cross-contaminations are 10%o or less and only slightly overestimated with a crosscontamination up to 20o.
In the experiment reported (Table I) , both the levels of enzymes in the protoplast preparations and the percentage intactness of the chloroplast based on retention of marker enzymes were determined. Aliquots of the mesophyll and bundle sheath protoplasts were pelleted and resuspended in the isolation medium containing 5 mM Tricine, 3 nm DTT, 3 mM MgCl2, and 0.3M sorbitol (pH 8.3). Enzymes were assayed in protoplast extracts, chloroplasts, and supernatant fractions isolated as described above. For assay of RuBP carboxylase, a 0.l-ml aliquot was diluted to 0.3ml with 5 mM Tricine, 3 mm DTT, and 3 mM MgCl2 (pH 8.3). Then 10 ,ul of 5% digitonin was added to each to ensure complete breakage of chloroplasts and the mixture incubated for 5 min at 30 C prior to assay. For PEP carboxylase, an aliquot of the samples was added to l/lo volume of 0.5M Hepes-KOH (pH 7.0) for activation (11) .
For pyruvate, Pi dikinase, 50-IL aliquots were added to 10 (19) . Using the method of osmotic shock previously used with spinach (19) , the chloroplasts of P. miliaceum gave poor and nonlinear rates of ferricyanide-dependent O2 evolution (with or without the uncoupler NH4Cl). By this method, chloroplasts were suspended in 0.3 M sorbitol, I mM MgCI2, 1 mm MnCl2, 2 mM EDTA, and 50 nmi Hepes-KOH (pH 7.5). The chloroplasts (75 pl) were then osmotically shocked by addition to 0.5 ml of water.
After 1 min, addition of 0.5 ml of 0.6 M sorbitol, 2 mm MgCl2, 2 mM MnCl2, 4 mm EDTA, and 100 mm Hepes-KOH (pH 7.5) restored the original osmotic conditions. This procedure was modified to include 10 
RESULTS AND DISCUSSION
LIGHT MICROSCOPY P. miliaceum is an NAD-malic enzyme type C4 species characterized anatomically by a centripetal location of the bundle sheath chloroplasts. Like many species of this C4 subgroup, the bundle sheath chloroplasts are considerably larger than the mesophyll chloroplasts (7, 10) . Figure I shows preparations of MP and BSP of P. miliaceum. In general, both the bundle sheath protoplasts and their chloroplasts are larger than those of the mesophyll preparations. Most of the freshly prepared and fixed BSP showed an asymmetric orientation of chloroplasts characteristic of their position in vivo. This feature is clearly evident in only a small proportion of these protoplasts when they are randomly orientated and photographed in narrow plain of focus. Both size and density differences in the two types of protoplasts allowed their separation (see under "Materials and Methods"). 
PURITY OF PREPARATIONS
Besides light microscopy, the purity of the preparations was tested by assaying marker enzymes for MP and BSP. In the experiment of Table I , MP were about 95% pure based on crosscontamination by RuBP carboxylase 0.185 jAmol mg-' Chl min-' in mesophyll preparation 3.7 ,umol mg-' Chl min-' in bundle sheath preparation ( (also see under "Materials and Methods"). Likewise, BSP was about 93% pure based on cross-contamination by pyruvate, Pi dikinase and PEP carboxylase. If corrections are applied for a pyruvate, Pi dikinase assay blank and PEP carboxylase activity associated with bundle sheath cells (see Table I footnotes), BSP purity was about 97%.
INTACTNESS OF CHLOROPLASTS ISOLATED FROM PROTOPLASTS
Retention of Chloroplast Marker Enzymes. Pyruvate, Pi dikinase is localized in the stroma of C4 mesophyll chloroplasts (8, 9) , and its retention by chloroplasts prepared from MP indicates that the chloroplasts are about 90%o intact. Likewise, bundle sheath chloroplasts were considered about 90%o intact based on the retention of RuBP carboxylase in the 200g chloroplast pellet (Table I) . PEP carboxylase, previously concluded to be a cytoplasmic enzyme (8, 9) , was associated with the supernatant fraction from mesophyll protoplast extracts confirming its extrachloroplastic location (Table I) .
Fernicyanide Test. The impermeability of ferricyanide to intact chloroplasts can be used as a method of determining the intactness of a chloroplast preparation (19) . Ferricyanide-dependent 02 evolution is determined before and after osmotic shock. According to this method, chloroplasts prepared from protoplasts of P. miliaceum (protoplast preparation as in Table I ) were 98% and 82% intact for mesophyll and bundle sheath chloroplasts, respectively. Both retention of chloroplast marker enzymes and the ferricyanide test indicate that high proportions of intact chloroplasts can be obtained from both protoplast types. Slight discrepancies between the two methods probably occur due to the use of separate isolations. Reducing conditions (inclusion of DTT) were considered essential for extraction for the enzyme assays (Table I) while DTT was eliminated from the preparations for ferricyanide measurements in order to avoid its interference with the assay of ferricyanide-dependent 02 evolution. 
CHLOROPLASTS FROM PROTOPLASTS OF A C4 PLANT SUBSTRATE-DEPENDENT 02 EVOLUTION
Chloroplasts isolated from MP had very low rates of 02 evolution in the light with or without HCO3-whereas bundle sheath chloroplasts had relatively high rates of 02 evolution with HCO3 as a substrate (Table II) . These results are consistent with previous evidence that bundle sheath but not mesophyll cells contain the Calvin pathway enzymes and capacity for net carbon assimilation (4, 12) .
The mesophyll chloroplasts show a high capacity for PGAdependent 02 evolution supporting previous conclusions that C4 mesophyll chloroplasts have the capacity to reduce PGA to triose-P (12). Light-dependent 02 evolution in the presence of oxaloacetate was severalfold higher in mesophyll than in bundle sheath chloroplasts. This was stimulated by pyruvate only in mesophyll preparations. Maximum rates of noncycic electron flow depend on both ATP and NADPH being utilized. In mesophyll chloroplasts, limitation of NADPH-dependent oxaloacetate reduction via NADP malate dehydrogenase would be relieved by pyruvatemediated ATP utilization via pyruvate, Pi dikinase (4, 17) . Thus, the levels of substrate-dependent 02 evolution by the preparation with bicarbonate, PGA, and oxaloacetate + pyruvate further substantiate the differing photosynthetic functions of these chloroplast types.
Photosynthesis by the isolated bundle sheath chloroplasts was found to be strongly dependent on Pi (Fig. 2) . Very low levels of Pi (0.1 mM) were found to be sufficient to provide maximum activity. High levels of Pi inhibited photosynthesis and this could be overcome by the addition of PGA (Fig. 3) . Similar results with C3 chloroplasts such as spinach and wheat have been interpreted as a requirement for transport on the phosphate translocator in order to obtain maximum rates of photosynthesis (5, 23) .
One might expect that with isolated chloroplasts, carbon assimilation to starch and its associated 02 evolution would not require exogenous Pi. Since bundle sheath chloroplasts of C4 species have been noted for their capacity to accumulate large quantities of starch, the strong dependence of photosynthesis of these chloroplasts of P. miliaceum on Pi (Fig. 2) was unexpected.
The likely transport processes involving three-carbon phosphorylated compounds into or from C4 mesophyll chloroplasts differ from those operating in C3 chloroplasts. For instance, 3-PGA derived from bundle sheath cells is probably taken up and reduced (12, 17) . This could occur in exchange for triose-P produced as the result of 3-PGA reduction. The C4 chloroplasts possess an additional translocator which catalyzes Pi uptake in exchange for PEP during the regeneration of the acceptor for the C4 cycle (16) . In contrast, in isolated spinach (C3) chloroplasts, Pi, triose-P, and PGA are transported on the phosphate translocator. In vivo, these chloroplasts are thought to take up Pi in exchange for triose-P (13, 23) .
The extent to which interactions occur in the exchange of Pi, PEP, PGA, and triose-P across C4 mesophyll chloroplasts is uncertain. In the present study, the apparent Km for PGA was 0.3 mm for PGA-dependent 02 evolution with the mesophyll chloroplasts (Fig. 4) . The theoretical Vm. was higher than the experimental V,,. (Fig. 3 ) which could be due to a photochemical limitation at the higher PGA concentration (analogous to that occurring with HC03-dependent 02 evolution with isolated spinach chloroplasts [20] ). Pi was found to inhibit PGA-dependent 02 evolution which could occur if Pi is competing for PGA for uptake by the chloroplasts (Fig. 5) . The results indicate that the cytoplas- Table II for description of isolation and assay medium. In addition, the assay medium contained I mm PGA. Table III , up to 5 mm PEP, or concentrations of PEP 5-to 10-fold higher than that of PGA, had no effect on PGA-dependent O2 evolution. This suggests that PEP and PGA transport occur on separate carriers. Pyridoxal phosphate has been found to be a strong inhibitor of the phosphate translocator in spinach chloroplasts (6) . Likewise, pyridoxal phosphate was very inhibitory to PGA-dependent O2 evolution with the C4 mesophyll chloroplasts (Table III) which could be due to inhibition of carrier-mediated transport.
Some evidence exists for specific carrier-mediated transport of PEP, Pi, and pyruvate with C4 mesophyll chloroplasts (15, 16) . Further direct studies on exchange of a number of metabolites across envelopes of both C4 mesophyll and bundle sheath chloroplasts will be required to understand the transport mechanisms and their regulation in C4 photosynthesis.
